Water homeostasis is crucial for life. In the brain, physiological neuronal activity is accompanied by ion fluxes and accumulation of neurotransmitters, which produce osmotically driven water flux between different cellular and extracellular compartments (Nicchia et al. 2003) . Many brain diseases, including stroke, head trauma, tumors, and infections, result in brain edema, a consequence of changes in water homeostasis, leading to morbidity and even mortality. To maintain appropriate water homeostasis, water pores are present in cell plasma membranes and indeed are ubiquitous in tissues and organisms. These membrane pore proteins, aquaporins (AQPs), are a family of small molecular water channels (Agre 1997; Takata et al. 2004) . To date, six AQP subtypes have been described in the rodent brain: AQP1, AQP3, AQP4, AQP5, AQP8, and AQP9 (Badaut et al. 2002; Nagelhus et al. 1998; Nielsen et al. 1997; Venero et al. 1999; Venero et al. 2001; Verkman 2005) . AQP4 is the most abundant (Hasegawa et al. 1994; Jung et al. 1994; Frigeri et al. 1995; Nagelhus et al. 2004) . It is strongly expressed in highly vascularized areas and in some areas involved in osmosensation and systemic osmoregulation, including the supraoptic and paraventricular nuclei of the neuroendocrine hypothalamus, the subfornical organ, the median eminence, and accessory nuclei (for reviews, see Badaut et al. 2002; Amiry-Moghaddam and Ottersen, 2003) . Members of the aquaporin family, particularly AQP4, and their physiological roles in the brain and involvement in brain disorders have been extensively described (Amiry-Moghaddam et al. 2004; Badaut et al. 2001; Frigeri et al. 2001) .
In the neuroendocrine hypothalamus, arginine-vasopressin (AVP) and oxytocin (OT) are the two major neuropeptides synthesized by magnocellular neurons of the supraoptic (SON) and the paraventricular nuclei (PVN). Axons of these neurons run through the median eminence to the neural lobe of the hypophysis, where AVP and OT are secreted into the blood circulation (Scharrer 1967) . AVP and, to a lesser extent, OT are involved in the regulation of the water balance. Indeed, changes in extracellular fluid osmolality modulate homeostatic responses that affect the sodium balance and water balance. Hyperosmolality promotes the release of vasopressin to enhance water reabsorption in the kidney and increases the rate of natriuresis from the kidney by the release of oxytocin into the bloodstream (for reviews, see Antunes-Rodrigues et al. 2003; Bourque 2008) . Accordingly, the release of these neuropeptides is regulated by the osmotic pressure of extracellular fluid through modulation of the electrical activity of OT and AVP neurons (Bourque and Oliet 1997; Bourque et al. 1994) . The expression pattern of AQP4 within these hypothalamic magnocellular nuclei suggests that these water channels are involved in the transmission of osmotic pressure variations (Wells 1998) . All published immunohistochemical studies are consistent with AQP4 being present in glial cells, especially in astrocyte membranes of perivascular end-foot processes (Nielsen et al. 1997; Badaut et al. 2000; Frigeri et al. 2001; Nagelhus et al. 2004) . Thus, glial cells may act as Verney's hypothalamic "vesicular osmometer" (Verney 1947) , conveying information about water homeostasis (in blood or in the extracellular space) to the magnocellular neurons by transcellular water movements between the two cell types (Wells 1998) .
After chronic physiological osmotic stimulation, such as that associated with lactation, and after chronic salt loading, there is an increase of AVP and OT synthesis within hypothalamic magnocellular neurons and an increase of their release into blood at the neurohypophysis (Arima et al. 1999; Dai and Yao 1995) ; the neurohypophysis exhibits a structural plasticity similar to that of the neuroendocrine hypothalamus (Hatton 1988 (Hatton , 1997 Theodosis and MacVicar 1996) . Indeed, this structural plasticity of the neurohypophysis is translated as a reorganization of the magnocellular axon terminals and adjacent pituicytes (Matsunaga et al. 1999; Miyata et al. 1999 Miyata et al. , 2001 Wittkowski 1998; Wittkowski and Brinkmann 1974; Tweedle and Hatton 1980) .
After the discovery of AQP4 in the median eminence (Frigeri et al. 1995) suggesting that osmotic modulation may also occur with neurosecretory axons, Wells (1998) suggested that AQP4, or a related aquaporin, may be present in the neurohypophysis. However, as far as we are aware, although there are data on the occurrence of AQP4 in the neurohypophysis of rats (Kuwahara et al. 2010; Pocsai et al. 2010) , there are still no data available concerning AQP4 ultrastructural distribution in the neural lobe of the mouse pituitary gland and its changes before and after an osmotic stress. Therefore, we examined the cellular and subcellular distribution of AQP4 in the neurohypophysis in control and salt-loaded adult mice.
Materials and Methods

Animal and Maintenance Conditions
All experiments were performed in accordance with French and European legal requirements (decree 87-848). Experiments were performed on 8-week-old male C57BL6 mice (supplied by Janvier, France). Animals were housed under controlled conditions and provided with food and water ad libitum. Control animals were given free access to water, and experimental animals were supplied with drinking water containing 2% NaCl, ad libitum, for 8 days.
Fluorescent Double Immunohistochemistry
Three control mice and three salt loaded mice were used to perform fluorescent double immunohistochemistry. Mice were deeply anesthetized by intraperitoneal injection of sodium pentobarbital (25 mg/kg; Sanofi Santé Animale, Libourne, France) and transcardially perfused with saline solution (NaCl 0.9%) and then 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The hypophysis was immediately removed, postfixed in the same fixative for 2 hr at 4°C, cryoprotected in a 20% sucrose/0.05 M PB solution overnight at 4°C, and sectioned sagittally using a cryostat (20 µm). All sections were used immediately for immunofluorescent immunohistochemistry.
Sections of hypophysis were permeabilized and blocked by incubation for 1 hr with 0.05 M PBS (pH 7.4), 1% BSA, and 0.1% Triton X-100, then incubated overnight at room temperature with both a polyclonal rabbit antibody against AQP4 (1:500; Chemicon, Temecula, CA) and the monoclonal mouse anti-AVP antibody (1:5000; Robert et al. 1985) or the monoclonal mouse anti-OT (1:2000; Chemicon) diluted in PBS, 1% BSA, and 0.1% Triton X-100. The sections were washed and then incubated for 2 hr at room temperature with biotinylated anti-rabbit IgG antibodies (1:250; Vector Laboratories, Burlingame, CA) and then for 2 hr with a mixture of streptavidin Cy3 conjugate (1:250; Vector Laboratories), FITC-conjugated anti-mouse secondary antibodies (1:250; Vector Laboratories), and Hoëchst dye (1:1000; Sigma Aldrich, Saint-Quentin Fallavier, France). We checked the specificity of the double-immunofluorescence staining by carrying out experiments in which one of the two primary antibodies was omitted.
Fluorescence was observed with a Zeiss Axioskop 2 Plus fluorescence microscope (Carl Zeiss AG; Oberkochen, Germany), and images were captured with a Zeiss AxioCam HRc digital camera and AxioVision version 4.1 software (Carl Zeiss AG).
Electron Microscope Immunocytochemistry
Three control mice and three salt-loaded mice were used for electron microscopy study. Mice were anesthetized as described above and perfused with a saline solution and then a solution containing 0.2% glutaraldehyde and 4% paraformaldehyde in 0.1 M PB, pH 7.4. The hypophysis was immediately removed, postfixed in the same fixative solution for 4 hr at 4°C, embedded in 5% agar in water, and sectioned sagittally using a vibratome (50 µm).
Sections of hypophysis were incubated with 0.006% H 2 O 2 (Sigma Aldrich) for 15 min at room temperature to exhaust and block endogenous peroxidase activity. Nonspecific bindings were blocked by incubation of sections for 1 hr with 0.05 M PBS (pH 7.4) and 1% BSA, and then sections were incubated overnight with a polyclonal rabbit antibody against AQP4 (1:500; Chemicon) at room temperature. The sections were washed and then were incubated for 2 hr at room temperature with biotinylated antirabbit IgG antibodies (1:250; Vector Laboratories). The sections were washed in PBS, incubated for 1 hr at room temperature with a peroxidase-labeled Avidin-Biotin Complex kit (1:100 avidin and 1:100 biotin; Vector Laboratories) in PBS, and rinsed in PBS. Horseradish peroxidase activity was then revealed by incubating the sections in 0.05 M Tris buffer (pH 7.6) containing 0.05% DAB (3,3′-diaminobenzidine; Sigma Aldrich) and 0.006% H 2 O 2 (Sigma Aldrich) for 15 min at room temperature; the reaction was stopped by washing in 0.05 M Tris buffer (pH 7.6).
Then, labeled sections were washed in 0.1 M sodium cacodylate buffer, postfixed in 1% OsO 4 and 0.2 M sodium cacodylate buffer (v/v) for 1 hr, dehydrated through an ascending alcohol series, and embedded in Araldite resin (Polysciences, Inc., Warrington, PA) polymerized at 60°C for 48 hr. Labeled areas were selected, glued onto Araldite blocks, and sectioned using a Reichert Ultracut ultramicrotome (Leica Microsystems, Germany). Ultrathin sections were put on nickel grids, contrasted with uranyl salts, and then observed with a Zeiss transmission electron microscope EM912.
We checked the specificity of the staining by omitting the first antibody during immunostaining procedures. All control sections did not show nonspecific staining even at the electron microscopic level.
Results
Distribution of Aquaporin-4 in the Mouse Hypophysis
We analyzed the distribution of aquaporin-4 (AQP4) in the C57BL6 mouse hypophysis neural lobe. We compared its distribution with those of the neuropeptides OT and AVP by double-fluorescence immunohistochemistry. OT and AVP immunoreactivities were detected only in the neural lobe and were absent from both the intermediate and anterior hypophysis lobes in control mice (Fig. 1A,C) . AVP immunolabeling was intense and confined to the central area of the neural lobe, which corresponds to AVP-containing nerve fibers and endings of magnocellular neurons in the neuroendocrine hypothalamus (Fig. 1A) . OT immunolabeling mainly appeared as clusters at the periphery of the neural lobe, in regions corresponding to OT nerve fibers and endings of hypothalamic magnocellular neurons (Fig. 1C) . AQP4 immunoreactivity was found in both anterior and neural lobes of the hypophysis, including AVP-and OTimmunopositive areas. AQP4 staining was more intense in the neural than in the anterior lobe (Fig. 1E,G) . No immunolabeling for AQP4 was observed in the intermediate lobe (Fig. 1E,G) . The co-immunodetection of AQP4 and AVP (Fig. 1I) or OT (Fig. 1K ) in control mice evidenced AQP4 both in cells identified by the presence of nuclei and also in AVP-and OT-containing structures (Fig. 1I,K) .
We next studied mice subjected to an osmotic stimulation (8 days of salt loading). Immunohistochemistry revealed that the distributions of AVP, OT, and AQP4 in salt-loaded mice (Fig. 1B,D ,F,H) were similar to those in control mice (Fig. 1A,C ,E,G); however, staining was more intense in the salt-loaded mice, particularly for AQP4 in the neural lobe (Fig. 1F,H) , and in AVP-and OT-containing elements (Fig. 1J,L) .
Ultrastructural Organization of the Mouse Neurohypophysis before and after Salt Loading
In control mice, pituicytes were easily recognized by the presence of large nuclei and characteristic lipid bodies in clear cytoplasm ( Fig. 2A) . Nerve fibers from hypothalamic magnocellular neurons, containing many neurosecretory granules, were numerous and in tight contact with pituicyte plasma membranes ( Fig. 2A) . After 8 days of salt loading, the nuclei and cytoplasm of pituicytes became denser (Fig.  2B ). Around pituicytes, nerve terminals exhibited less dense neurosecretory vesicles but more abundant clear vesicles (Fig. 2B) . Around capillaries in control animals, the perivascular space was small with few nerve terminals containing microvesicles, forming electron-dense clusters (Fig. 3A) . After salt loading, the perivascular space was swollen (Fig. 3B ) and occupied by large nerve terminals rich in neurosecretory granules and microvesicles; also, there were no pituitary processes between them (Fig. 3B) . Outside the perivascular space, nerve terminals containing numerous microvesicles were tightly adjacent, and there were no pituicyte processes between them (Fig. 3B) .
Subcellular AQP4 Distribution in the Mouse Neurohypophysis before and after Salt Loading
In control mice, AQP4 immunolabeling was detected along the plasma membranes of pituicytes. The plasma membrane of cell bodies and processes exhibited significant but discontinuous staining (Fig. 4A,D-F) . Many of these labeled membrane segments were in close contact with nerve terminals and fibers (Fig. 4D-F) . Neurosecretory granules and microvesicles contained in nerve terminals (Fig. 4B ) and nerve fibers, including Herring cores, were labeled (Fig. 4C) . Faint AQP4 immunolabeling was observed in the endothelium of capillaries (Fig. 5B) . A significant staining was detected on portions of nerve terminal membranes, which were in contact with the basal lamina surrounding capillaries (Fig. 5C ). This labeling Their plasma membrane is in tight contact with numerous labeled nerve fibers from hypothalamic magnocellular neurons, which contain many labeled neurosecretory granules (arrow). In the salt-loaded mouse (B), the nucleus and cytoplasm of pituicytes are denser, and nerve terminals around pituicytes exhibit fewer dense labeled neurosecretory vesicles (arrow) but more abundant clear vesicles. BV, blood vessel; N, nucleus; P, pituicytes. Scale bar: 2 µm. In the control (A), the perivascular space is small with few nerve terminals containing labeled microvesicles, forming electron-dense clusters (arrow). In the salt-loaded mouse (B), the perivascular space is swollen and occupied by large nerve terminals rich in labeled neurosecretory granules and microvesicles (arrow). BV, blood vessel; E, endothelial cell; NT, nerve terminal; PVS, perivascular space. Scale bar: 2 µm (A); 1 µm (B).
was discontinuous on membranes of large nerve terminals and more intense and continuous on small ones. Neurosecretory granules and microvesicles of these nerve terminals were also labeled (Fig. 5D) .
After salt loading, a similar pattern of AQP4 distribution along the plasma membrane of pituicytes was observed, but the staining was more intense (Fig. 4G-J) . AQP4 immunolabeling was detected on plasma membranes of nerve In the control, discontinuous labeling on pituicyte plasma membranes (square arrow, A) is observed; these labeled membrane segments were often in close contact with nerve terminals and fibers (square arrow, D-F), in which granules (arrow) and microvesicles (asterisk) were immunopositive. Neurosecretory granules and microvesicles contained in nerve terminals (B) and nerve fibers, including Herring cores, were labeled (C). In 8-day salt-loaded mice, immunolabeling for aquaporin-4 (AQP4) was observed on processes of pituicytes (G, arrow). AQP4 was detected along the plasma membrane of pituicytes, as in controls, but the staining was more intense (square arrow, H-J). N, nucleus; NT, nerve terminal; P, pituicytes; NF, nerve fiber; HC, Herring core. Scale bar: 1 µm (A-B, G-H); 2 µm (C); 0.5 µm (D-F, I-J).
terminals (Fig. 5E,F ) and in membranes of neurosecretory granules and microvesicles (Fig. 5E,F) . Furthermore, AQP4 was also found on luminal and abluminal membranes of endothelial cells (Fig. 5G ).
Discussion
The neurohypophysis is composed of axons and nerve terminals from hypothalamic magnocellular neurons, glial cells named pituicytes, and fenestrated capillaries. Nerve terminals are aligned along the basal lamina surrounding capillaries or the perivascular space. They contain a dense population of neurosecretory granules, including densecored granules in which are stored the neurohormones vasopressin and oxytocin (Tweedle and Hatton 1980; Wittkowski and Brinkmann 1974) . The neural lobe of the hypophysis is directly connected to the paraventricular and supraoptic nuclei of the neuroendocrine hypothalamus. These hypothalamic structures are involved in osmoregulation and water homeostasis and undergo chemical and structural modifications during chronic osmotic stimulation, such as that caused by salt loading. Salt loading can disturb ionic and osmotic homeostasis involving transmembrane water fluxes through aquaporin water channels (for review, see Antunes-Rodrigues et al. 2003; Nagelhus et al. 1998) . High salt loading alters the expression and localization of glial aquaporin-4 in the rat retina, inducing intracellular edema in the neural retina (Qin et al. 2009 ).
The water channel AQP4 has been described in many cerebral areas, particularly in areas implicated in osmoregulation, including the glial limitans, ependymal lining system, the subfornical organ, and the supraoptic and paraventricular nuclei of the hypothalamus (Badaut et al. 2002; Jung et al. 1994; Venero et al. 1999 ). All immunological studies are consistent with AQP4 being present in astrocytes and ependymal cells but absent from neurons. In the rodent brain, AQP4 is present on astrocytic end-feet in contact with the basal lamina surrounding the endothelial cells of brain microvessels and appears to be involved in brain homeostasis and in central plasma osmolarity regulation. Perivascular glial processes and glia limitans are important sites for water flux (Nielsen et al. 1997; Rash et al. 1998) .
The aim of this study was to describe the distribution of AQP4 throughout the neural lobe of the adult mouse hypophysis, using immunofluorescence microscopy and immunoperoxidase electron microscopy. We subjected mice to salt loading with the aim of stimulating the neuroendocrine hypothalamus. This paradigm is known to induce an osmoregulatory response without stimulating the hypothalamic-pituitary-adrenal stress axis. In the first day of salt loading, AVP release is increased. This is accompanied by a progressive elevation of AVP synthesis, but plasmatic osmolality remains high. After 8 days of salt loading, the osmoregulatory response reaches a steady-state level, Figure 5 . High magnifications of immunoperoxidase staining in and around blood vessels in control (A-D) and 8-day saltloaded mice (E-H). In the control, a light aquaporin-4 (AQP4) immunolabeling is observed near blood vessel endothelia (arrow, A, B). More substantial staining is seen on portions of nerve terminal membranes in contact with the basal lamina surrounding capillaries (square arrow, C). Neurosecretory granules (arrow) and microvesicles (asterisk) of these nerve terminals are also labeled (D). In salt-loaded mice, AQP4 immunolabeling is observed on plasma membranes of nerve terminals (square arrow, E and F), in neurosecretory granules (arrow, E-H), and in microvesicle clusters (asterisk, F). AQP4 is also found in luminal and abluminal membranes of endothelial cells (square arrow, G). BV, blood vessel; NF, nerve fiber; NT, nerve terminal; P, pituicytes; PVS, perivascular space. Scale bar: 1 µm (B, G, H); 0.5 µm (A, C, D); 0.2 µm (E, F).
with increased AVP synthesis and release, and a normal osmolality level is restored (Dai and Yao 1995; Arima et al. 1999) .
We show that AQP4 is abundant in the mouse hypophysis, mainly in the neural lobe, as recently described in the rat pituitary gland (Kuwahara et al. 2010; Pocsai et al. 2010) . By contrast, the intermediate lobe does not contain AQP4. We evidence AQP4 channels in pituicyte plasma membranes and in AVP-and OT-containing nerve terminals of the neurohypophysis. The distribution of AVP and OT immunoreactivity that we observed in the neurohypophysis in control mice was consistent with previous reports in mouse (Castel and Hochman 1976; Zhang et al. 2002) and in rat (Van Leeuwen and Swaab 1977; Van Leeuwen et al. 1979) . AQP4 was discontinuously distributed along pituicyte plasma membranes. The labeled parts of membranes were in close contact with nerve terminals and fibers. After salt loading, the staining was more intense. This implicates AQP4 water channels in neurohypophyseal neuroglial interactions affecting water homeostasis not only during pathologies such as brain edema but also under physiological conditions. Indeed, pituicytes appear to be key elements in the osmoregulation process (Hussy 2002; Hussy et al. 2000) : These cells are sensitive to osmolar changes and have been recently described as osmotic sensors (Rosso and Mienville 2009 ). Possibly, AQP4 in pituicyte plasma membranes is involved in this sensor effect during osmoregulation. In addition to a role in water homeostasis according to the osmotic status, pituicytes modulate neurohormone output (Rosso and Mienville 2009) . Neurohormone output may be locally controlled by the amino acid taurine, which is produced by pituicytes (Miyata et al. 1997; Hussy et al. 2001) and by astrocytes in the supraoptic nuclei (Nagelhus et al. 1994; Deleuze et al. 1998) . Taurine is a ubiquitous osmolyte involved in the regulation of cell volume and is also a regulator of vasopressin release in the hypothalamoneurohypophyseal system (Hussy et al. 2001; Niermann et al. 2001; Rosso et al. 2004 ). Thus, water balance and neurohormone release in the neurohypophysis are processes that are closely interconnected.
We reveal AQP4 in the membranes of dense neurosecretory granules and microvesicles localized within nerve terminals and nerve fibers in the neural lobe of the hypophysis. After salt loading, AQP4 immunolabeling was enhanced, and nerve terminals contained fewer dense neurosecretory vesicles and more abundant clear vesicles. Our findings suggest that AQP4 in the mouse neurohypophysis may be involved in the modification and/or maturation mechanism of neurosecretory granules during neurohormone release. Most aquaporin channels are in the cell plasma membrane, but some (e.g., AQP1) have also been found in the membranes of regulated secretory pathway granules in the exocrine pancreas (Cho et al. 2002) and the parotid gland (Matsuki et al. 2005 ). AQP1 has been described in dense-core secretory granule membranes in bovine neural, intermediate, and anterior lobes of the pituitary; this study also demonstrated that AQP1 is important for maintaining secretory function and granule biogenesis and hence normal levels of hormone secretion in pituitary endocrine cells (Arnaoutova et al. 2008) . Dense-core secretory granules are key organelles for the secretion of hormones by endocrine cells in response to stimulation. Peptide hormones are synthesized as larger precursors at the rough endoplasmic reticulum, inserted into the endoplasmic reticulum cisternae, and subsequently transported to the Golgi apparatus. The precursors are stored and packaged into immature secretory granules that bud off from the trans-Golgi network. Maturation of immature secretory granules involves several steps. Immature secretory granules in endocrine/exocrine cells decrease in size, and the contents undergo condensation, concomitant with the efflux of Na + , K + , CL − , and water from the granules during maturation. The mature secretory granules become electron dense and are stored within the cell, and they release their content by exocytosis upon stimulation (Wong et al. 1991) . It has also been reported that water enters into dense granules, inducing their swelling during exocytosis (Cho et al. 2002) . Thus, water channels on granules may be necessary for water efflux during maturation and water influx and vesicle swelling during exocytosis. Note that in neurons, water channels AQP1 and AQP6 are associated with synaptic vesicles and participate in their swelling during exocytosis (Jeremic et al. 2005) .
The hypophysis is a circumventricular organ; the blood-brain barrier does not prevent it releasing, into the blood circulation, the neurohormones AVP and OT present in the neurosecretory granules of the hypothalamic magnocellular neuron terminals. Nerve terminals are in close contact with the basal lamina surrounding fenestrated capillaries. In osmotically stimulated animals, these terminals are enlarged and more numerous than in controls (Tweedle and Hatton 1987; Miyata et al. 2001) , facilitating hormonal release (Hatton 1997) . The luminal and abluminal membranes of fenestrated capillary endothelial cells exhibited AQP4 immunolabeling, implicating these water channels in maintaining hypophyseal blood perfusion. These are consistent with those described previously in the literature (Nagelhus et al. 1998; Amiry-Moghaddam and Ottersen 2003) .
In conclusion, we demonstrate that AQP4 is expressed in the hypophysis neural lobe in adult mice. This water channel presents a particular distribution pattern, being present in pituicytes, fenestrated capillary endothelial cells, and nerve fibers and terminals of hypothalamic magnocellular neurons. Its co-localization with vasopressin and oxytocin in nerve fibers and terminals of magnocellular neurons appears to have functional significance: Sodium balance and water balance are the basic mechanisms of osmoregulation of extracellular fluid (for reviews, see AntunesRodrigues et al. 2003; Bourque 2008) . Thus, water homeostasis in the neurohypophysis may be maintained by regulatory processes that, by control of aquaporin-4 expression and distribution, induce and organize water movements. The movement of water may lie at the heart of the mechanism of osmoreception, as well as AVP and OT secretion.
